Retroviruses are a widespread and diverse group of RNA viruses distinguished by their ability to integrate into the genome of their host cell ([@r1]). Several retroviruses cause immunodeficiency (e.g., HIV) ([@r2]) and malignancies such as leukemia (e.g., koala retrovirus \[KoRV\]) ([@r3][@r4]--[@r5]). When retroviruses integrate into germ line cells, they become "vertically" transmissible from parent to offspring and are referred to as endogenous retroviruses (ERVs) ([@r1], [@r6]). KoRV, for instance, is an infectious retrovirus currently undergoing endogenization in the koala gene pool ([@r5]). Through the course of evolutionary history, ERVs and related retroelements have become ubiquitous across metazoan genomes ([@r6][@r7]--[@r8]); for example, 8% of the human genome is derived from retroviruses ([@r9]). ERVs may or may not be capable of producing infectious viral particles.

Bats are reservoirs for many viruses from diverse viral families and are implicated in the transmission of numerous highly pathogenic viruses to humans and other mammals ([@r10]). Previous studies have revealed the presence of ERVs from the genera *Betaretrovirus*, *Gammaretrovirus*, and *Deltaretrovirus* within the genomes of bats ([@r11][@r12][@r13]--[@r14]). Analyses of the evolutionary relationships between these bat ERVs and those from other mammals imply that bats have played a key role in the transmission of retroviruses between different mammalian species ([@r15], [@r16]). Indeed, genomic analysis indicates that bats have served as hosts to retroviruses for most of their evolutionary history ([@r11]), and evidence of gene expansion and diversification in the antiretroviral APOBEC3 family of immune restriction factors suggests an ongoing relationship between bats and retroviruses ([@r17]). To date, however, no infectious, horizontally transmissible exogenous retroviruses (XRVs) have been identified and reported in bats.

KoRV and the gibbon ape leukemia virus (GALV) are closely related gammaretroviruses (77.5% nucleotide identity). However, the habitats of the hosts of these viruses (koalas in Australia and gibbons in Southeast Asia) do not overlap and are physically separated by the oceanic faunal boundary known as the Wallace line ([@r18]). It has been suggested that bats may have played a role in the transmission of gammaretroviruses between gibbons and koalas ([@r19][@r20]--[@r21]). In particular, the habitat of such bats as the black flying fox, *Pteropus alecto*, overlap and connect the habitats of both gibbons and koalas, with bats being capable of traversing the bodies of water that separate the islands of Australia and Southeast Asia ([@r22]). In addition, bat gammaretroviral ERVs are widely distributed across the broader gammaretroviral phylogeny ([@r23]), with one recently discovered bat gammaretroviral ERV reportedly falling between KoRV and GALV on phylogenetic trees ([@r14]).

To advance our understanding of the role of bats as hosts and potential transmitters of gammaretroviruses closely related to KoRV and GALV (herein referred to as KoRV-related viruses), between 2007 and 2014 we collected bat samples (feces, blood, urine, and oral swabs) from towns and the Daintree rainforest along the east coast of Australia to detect the presence of KoRV-related viruses. From this survey, we report the identification and characterization of a novel reproduction-competent bat retrovirus, the Hervey pteropid gammaretrovirus (HPG), from *P. alecto*. In addition, we have identified novel gammaretroviral sequences from two species of pteropid bats, *Macroglossus minimus* and *Syconycteris australis,* and two species of Yinpterochiropteran microbats from China, *Hipposideros larvatus* and *Rhinolophus hipposideros*. These gammaretroviral sequences are closely related to KoRV and GALV.

Results {#s1}
=======

Metagenomic Analyses Reveal the Presence of Novel KoRV-Related Gammaretroviruses in Australian and Asian Bats. {#s2}
--------------------------------------------------------------------------------------------------------------

To identify KoRV-related viruses in bats, samples were collected from the east coast of Australia, including feces, oral swabs, blood, and urine. A total of 373 samples were collected from towns in New South Wales and Queensland, and 106 samples were collected from the Daintree rainforest in Queensland. The species of origin was determined by species-specific cytochrome B gene TaqMan RT-PCR. Metagenomic analysis of RNA extracted from the bat samples revealed the presence of KoRV-related viruses in samples collected from the pteropid bat species (subfamily Yinpterochiroptera) *P. alecto* (HPG), *M. minimus* (*M. minimus* gammaretrovirus \[MmGRV\]), and *S. australis* (*S. australis* gammaretrovirus \[SaGRV\]). To broaden our search, we probed the Sequence Read Archive (SRA) for the presence of KoRV-related viruses. This search revealed the presence of two additional viruses in metagenomic RNA extracted from samples obtained from the Asian microbat species (subfamily Yinpterochiroptera) *H. larvatus* (*H. larvatus* gammaretrovirus \[HlGRV\]) and *R. hipposideros* (*R. hipposideros* gammaretrovirus \[RhGRV\]). The identified KoRV-related viruses and their origins are summarized in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental).

The complete genome sequence of HPG and partial genome sequences of MmGRV, SaGRV, HlGRV, and RhGRV were assembled and deposited in GenBank ([*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). The source of HPG was a fecal sample collected in 2011 from a single flying fox in Hervey Bay, Queensland. HPG viral particles in the sample were enriched using a sucrose gradient, total RNA was extracted, and genomic DNA was removed. The complete HPG genome sequence was generated from this total RNA sample via a modified single-cell whole-transcriptome amplification (WTA) procedure for detecting ultra-low-copy viral RNA and a de novo sequence assembly pipeline outlined in [*SI Appendix*, *Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental). The HPG genome is 8,030 nt in length, similar to KoRV-A and GALV (7,994 nt and 8,087 nt, respectively), and contains terminal repeats (R), 5′ and 3′ unique regions (U5/U3), and open reading frames (ORFs) encoding the canonical gammaretroviral genes *gag*, *pol*, and *env*, which do not contain any frameshift mutations or premature stop codons ([Fig. 1](#fig01){ref-type="fig"}). Other genomic elements essential for retroviral replication and reproduction, including the expected protease, polymerase, and integrase active site motifs; proline tRNA primer binding site; polypurine tract; and polyadenylation signal site, were also present ([Fig. 1](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). The assembled partial genome sequences of MmGRV and SaGRV lacked coverage only at the terminal repeat and unique 5′ and 3′ regions, while ORFs encoding *gag*, *pol*, and *env* were intact and free from frameshift mutations or premature stop codons ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). For HlGRV and RhGRV, overall read coverage was low, and in both cases coverage dropped to zero at some locations within each of *gag*, *pol*, and *env* ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)).

![The genome of the HPG contains conserved functional motifs and is analogous to KoRV-A and GALV. R, terminal repeat sequence; U5/U3, unique 5′/3′ region; PBS(Pro), proline tRNA primer-binding site; gag, group-specific antigen; MHR, major homology region; zf, zinc finger; DxG, protease active site motif; DDD, reverse transcriptase active site motif; pol, polymerase; DDE, integrase active site motif; env, envelope; CET(S/A/T)G, pathogenicity motif; PolyA, polyadenylation signal.](pnas.1915400117fig01){#fig01}

HPG Sequences Were Not Detected in the Genomes of Pteropid Bats. {#s3}
----------------------------------------------------------------

To exclude the possibility that HPG represents a fossilized ERV, we performed a BLAST analysis of the *P. alecto* and *Pteropus vampyrus* genomes. No sequences matching HPG were identified. The closest identified hit against the HPG sequence in this analysis was a 546-nt sequence within the genome of *P. alecto,* aligning to the *pol* gene of HPG, with an e-value of 5.0 × 10^−46^ and a nucleotide identity of 69%. We then performed a HPG-specific PCR analysis of the *P. alecto* genome, using genomic DNA extracted from two sources: *P. alecto* tissue from a male bat captured in Brisbane (Australia) and a *P. alecto* kidney cell line ([@r24]). This PCR analysis did not generate detectable amplicons, in contrast to amplification of a single-copy bat *APOBEC3Z3* gene ([@r17]) ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). These data suggest that HPG has not integrated into the germ line of the *P. alecto* bats tested and is likely to be an XRV currently circulating among Australian bats.

Phylogenetic Analysis Reveals Close Relationships among Koala, Gibbon, and Bat Gammaretroviruses. {#s4}
-------------------------------------------------------------------------------------------------

To determine the evolutionary relationships among the retroviruses that we identified here ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)) with known gammaretroviruses ([*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)), we performed a phylogenetic analysis of the full retroviral genome. Our maximum likelihood phylogenetic analysis revealed that HPG, MmGRV, and SaGRV form a distinct and well-supported clade that is basal to the KoRV and GALV groups ([Fig. 2](#fig02){ref-type="fig"}). In contrast, the Asian bat-derived HlGRV and RhGRV cluster as a sister group to the GALV clade. This finding is supported by phylogenetic analyses of the individual *pol* and *env* genes, which revealed the same branching pattern ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). While analysis of the *gag* gene resulted in a slightly different branching pattern, this is likely a result of low phylogenetic resolution, as indicated by low bootstrap support for key nodes on this tree ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). Thus, these data reveal that KoRV-related gammaretroviruses exist within multiple species of Australian and Asian bats, with those from Australia (HPG, MmGRV, SaGRV, and flying fox retrovirus 1 \[FFRV1\]) phylogenetically distinct from those from Asia. Although the presence of diverse and basal gammaretroviruses in bats suggests that they are a key reservoir species and may have transmitted viruses to other mammals, it is striking that those viruses sampled from bats (and other mammals) do not share close common ancestry with KoRV in koalas.

![Evolutionary relationships among KoRV-related viruses. Maximum likelihood phylogeny of the complete (nucleotide) sequence genome of 19 gammaretroviruses. All branches are scaled according to the number of nucleotide substitutions per site, and branches representing bat retroviruses are shown in red. Support for key nodes on the phylogeny are shown in the form of SH-like branch support/bootstrap support. Silhouettes represent the host species: top left, mice; right (in descending order), pteropid bats, koalas, woolly monkeys, microbats, and gibbons. The tree was rooted using the McERV (*Mus caroli* endogenous retrovirus) KC460271 sequence.](pnas.1915400117fig02){#fig02}

HPG Is Reproduction-Competent in Human and Bat Cells In Vitro. {#s5}
--------------------------------------------------------------

To assess the biological characteristics of KoRV-related bat viruses, we chemically synthesized the proviral genome of HPG ([*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). Transfection of human 293T cells with a plasmid construct carrying the HPG provirus resulted in the generation and release of viral particles morphologically similar to ecotropic Moloney murine leukemia virus (M-MLV), as determined by electron microscopy ([Fig. 3](#fig03){ref-type="fig"}). In contrast, no virus was observed in untransfected 293T cells and mock control 293T cells that had been transfected with pcDNA3.1 ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). These data are supported by virion-associated reverse-transcriptase analysis of each sample analyzed in concert with electron microscopy analysis ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). Measurements of virion diameters indicate that HPG viral particles are smaller than M-MLV particles (mean ± SEM, 98.5 ± 2.5 nm vs. 130.8 ± 3.2 nm; *P* \< 0.001, Mann--Whitney *U* test) ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)).

![Electron micrographs of M-MLV and HPG. (*A*) An extracellular, roughly spherical enveloped virus-like particle with a concentric icosahedral core (arrow). The cores have variable electron translucence ranging from lucent to dense, indicating variable stages of particle maturation. (*B*) An immature extracellular virus-like particle with tooth-like appearance of the viral envelope (red arrow) surrounding the double-layered shell of the core. Distinct banding can also be seen in the envelope of the particle (black arrowheads). (*C*) Virus-like particle exiting the cell demonstrating a type C budding profile, characteristic of viruses belonging to the genus *Gammaretrovirus* ([@r59], [@r60]). (*D*) Evidence of virus assembly and budding from the plasma membrane of the cell, including the presence of a tether-like structure connecting the cell membrane to the newly budded virus (black arrow). (*E*) A mature virus-like particle with an electron-dense core encapsulated in an envelope. (*F*) Immature virus-like particle exhibiting a tooth-like appearance of the viral envelope (black arrows) surrounding the double-layered shell of the core (red arrow). (*G*) A mature virus-like particle with an electron-dense core encapsulated in an envelope. (*H*--*J*) Evidence of virus-like particle assembly and budding from the plasma membrane of the cell. Budding begins with the formation of electron-dense material under the membrane (*H*), which progresses until the nascent virus-like particle pushes out from the membrane and is pinched off to form a free particle. (Scale bars: 50 nm in *A*, 100 nm in *B*, 250 nm in *C*, 200 nm in *D*, 100 nm in *E*, 200 nm in *F*, 200 nm in *G*, and 250 nm in *H*, *I*, and *J*.) Negative controls were untransfected cells and cells mock transfected with the empty vector pcDNA3.1. These controls were not observed to contain or produce viral particles ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)).](pnas.1915400117fig03){#fig03}

To support our phylogenetic assessment indicating that HPG is a gammaretrovirus, we performed a virion-associated reverse-transcriptase assay using HPG, M-MLV, and HIV virions and including either manganese (Mn^2+^; utilized by gammaretroviruses) ([@r25]) or magnesium (Mg^2+^; utilized by lentiviruses) ([@r26]) as the cofactor for reverse-transcriptase DNA polymerase activity ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). The data show that HPG reverse-transcriptase has a preference for Mn^2+^ over Mg^2+^, typical of a gammaretrovirus ([@r25]).

To determine whether the HPG virions generated by proviral-plasmid transfection of human 293T cells are reproduction-competent (i.e., capable of establishing a productive infection within the context of a cell culture system in vitro), we performed a replication kinetics assay ([Fig. 4](#fig04){ref-type="fig"}). We found that HPG was capable of entering and establishing a productive infection in human and bat cells, but not mouse cells ([Fig. 4](#fig04){ref-type="fig"}). In contrast, the ecotropic M-MLV infected the mouse cell line, but not human or bat cells ([Fig. 4](#fig04){ref-type="fig"}). HPG was confirmed to be capable of establishing successive rounds of replication through a secondary infection assay ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)).

![Replication kinetics of M-MLV and HPG in human, mouse, and bat cells. M-MLV and HPG virions were generated by transfection of human 293T cells with pNCS ([@r61]) and pCC1-HPG retroviral expression plasmids, respectively, and used to infect human 293T, mouse 3T3, and bat PaKi cell lines. Culture supernatants were collected daily for 5 d and assessed for the presence of virus by measuring virion-associated reverse transcriptase activity. Error bars represent the SEM (*n* = 6).](pnas.1915400117fig04){#fig04}

HPG Displays a Similar Pattern of Cell Tropism as GALV and KoRV-A. {#s6}
------------------------------------------------------------------

To investigate the cell tropism mediated by the HPG envelope (Env) protein, we performed a viral entry assay in which retroviral particles were pseudotyped with the Env protein of several gammaretroviruses that have distinct tropism for human and mouse cells ([Fig. 5*A*](#fig05){ref-type="fig"}). Our data show that HPG displays a similar pattern of cell tropism as GALV and KoRV-A, in that it is capable of entering human cells but not mouse cells. These data suggest that HPG likely uses the same cellular receptor, PiT-1 (SLC20A1), as GALV and KoRV-A ([@r19], [@r27], [@r28]).

![Human and mouse cell tropism of pseudotyped gammaretroviral virus-like particles and HPG-induced resistance to cross-infection. (*A*) Gammaretrovirus Env or VSV-G pseudotyped retroviral particles, containing the *lac*Z reporter gene, were generated using the Retro-X packaging system. The infectivity of pseudotyped viral particles was determined in human HeLa cells and mouse 3T3 cells. Infected cells were quantified by counting blue cell-forming units (BFU) following incubation with X-gal (5-bromo-4-chloro-3-indolyl-β-[d]{.smallcaps}-galactopyranoside). Uninfected cells served as a control (Mock). (*B*) Human HeLa cells were persistently infected with HPG and then challenged with infection by a reporter virus pseudotyped with gammaretrovirus Env or VSV-G pseudotyped retroviral particles. Infected cells were quantified as in *A*, and infection in persistently HPG-infected cells is expressed as a proportion of the amount of uninfected HeLa cells infected by the same reporter virus.](pnas.1915400117fig05){#fig05}

Alignment of the binding motif within mammalian PiT-1 genes supports this result, as the binding sites within *P. alecto* and *P. vampyrus* PiT-1 share the permissive amino acid residues, which are distinct from the nonpermissive motif within mouse PiT-1 ([@r29]) ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). Some gammaretroviruses that use PiT-1 for cell entry also use the related protein, PiT-2; this has been attributed to subtle differences in the composition and length of amino acid sequences within the VRA and VRB regions of the viral Env protein ([@r30], [@r31]).

An alignment of the receptor-binding domain (RBD) ([@r32]) within the Env sequence of HPG against other KoRV-related viruses reveals numerous differences in the variable regions (VRA and VRB) within the RBD ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). Within this region, the pathologically important CETTG motif ([@r33]), which is conserved in all other bat KoRV-related viruses, contains a threonine-to-serine mutation in HPG, resulting in a CETSG motif. HPG is more similar to GALV than to KoRV across both the VRA and VRB, where the RBD amino acid identities for HPG compared with GALV and KoRV are 66% and 62%, respectively. However, all the KoRV-related bat gammaretroviruses analyzed contain a large insertion within the VRB of 10 and 16 amino acids, respectively, relative to GALV and KoRV. Amphotropic and dualtropic MLV also contain several insertions within the VRB, increasing the length of their VRB region by 17 and 23 amino acids, respectively, relative to GALV and KoRV. These insertions are not present within ecotropic MLV, which uses the mouse CAT1 (SLC7A1) cell receptor ([@r34], [@r35]).

To further investigate receptor use by HPG, we performed a superinfection interference assay ([Fig. 5*B*](#fig05){ref-type="fig"}). In this assay, human HeLa cells persistently infected with HPG ([*SI Appendix*, Fig. S11](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)) became strongly resistant to superinfection with a reporter virus pseudotyped with the envelope proteins of KoRV-A, GALV, or HPG (97.8% to 98.6% reduction in infectivity). Infections with viral particles pseudotyped with dual-tropic or amphotropic MLV Env were also moderately inhibited (34.5% and 47.1% reduction in infectivity, respectively). Dual-tropic MLV uses both PiT-1 and PiT-2 (SLC20A2) cell receptors ([@r36]), while amphotropic MLV uses PiT-2 exclusively ([@r37]). In contrast, superinfection by particles pseudotyped with the unrelated vesicular stomatitis virus (VSV) envelope G protein was not restricted. These data are consistent with HPG using the PiT-1 and possibly the PiT-2 receptors for cell entry. Taken together, these results indicate that HPG may share a similar host range as KoRV-A and GALV, with the caveat that the specific determinants of receptor use and cell tropism for PiT-1 and PiT-2 are complex ([@r30], [@r31], [@r38]) and further investigation is needed to more accurately delineate the host range and cell tropism of HPG.

Australian Bats Have Been Exposed to HPG and Closely Related Viruses. {#s7}
---------------------------------------------------------------------

To assess Australian bats for exposure to HPG or KoRV-related viruses, we tested bat sera for the presence of antibodies reactive against the HPG Env protein. We also tested for the presence of HPG-specific nucleic acid in bat fecal samples.

Bat sera (87 samples collected from nine bat species) were screened for the presence of antibodies reactive to the HPG Env trimer ectodomain (Glu^38^-Ser^603^) and a synthetic peptide of the HPG VRA region of Env in a solid-phase enzyme immunoassay. For sera reactive to HPG VRA, additional analyses were conducted against VRA peptides from KoRV-A, GALV, and ecotropic MLV ([*SI Appendix*, Fig. S12](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)).

A rabbit immune serum raised to the HPG Env trimer was used as a positive control and to determine cross-reactivity to KoRV, GALV, and MLV peptides. The immune sera reacted strongly to the HPG Env trimer and the HPG VRA peptide sequence but did not show reactivity to KoRV, GALV, or MLV peptides. In addition, immune serum raised to MLV reacted to the MLV peptide sequence but not to the HPG, KoRV, or GALV VRA peptide sequences ([*SI Appendix*, Fig. S12](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)).

Of the 87 bat samples, 27 (31%) showed reactivity to the HPG Env trimer, and of these, 19 (22%) were reactive to the HPG VRA peptide (*P. alecto*, *n* = 17; *Pteropus conspicillatus*, *n* = 1; *Rhinolopus megaphyllus*, *n* = 1). Of the 19 HPG VRA-positive sera, 8 showed additional reactivity to KoRV-A and 4 were also reactive to both KoRV-A and GALV peptides. One serum, \#20 *P. alecto*, was more strongly reactive toward the GALV VRA peptide than toward the HPG or KoRV-A VRA peptide or the HPG Env protein. Two samples, \#7 *P. alecto* and \#8 *P. alecto*, were reactive against the KoRV-A and GALV VRA peptide, respectively, but not against the HPG VRA peptide. No bats demonstrated reactivity to the MLV VRA peptide ([*SI Appendix*, Fig. S12](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)).

These results reveal that 32% of bat samples were seropositive to HPG or other KoRV-related protein sequences. Within the species *P. alecto*, 83% were seropositive to HPG and/or other KoRV-related protein sequences and 27% were seropositive only to HPG protein sequences.

A nucleic acid analysis by RT-qPCR was performed on 373 bat fecal samples using both "broad" primers designed to amplify the HPG-related pteropid viruses (HPG, SaGRV, MmGRV, and FFRV1) ([Fig. 2](#fig02){ref-type="fig"}) and "specific" primers designed to amplify only HPG ([*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). Notably, the HPG-specific forward primer binds to a site that is not present (i.e., lost through a deletion event) within the closely related ERV FFRV1 ([@r14]) and contains multiple nucleotide differences at the 3′ end of the primer compared with MmGRV and SaGRV. We first performed the RT-qPCR assay in such a way that both DNA and RNA would be amplified. This was followed by a second RT-qPCR assay performed in the absence of reverse transcriptase so that only DNA could be amplified, allowing us to discriminate between amplification from retroviral DNA and RNA. Of note, this analysis does not discriminate between germ line and somatic viral genomic DNA. The results of the first RT-qPCR assay revealed that 57 of 373 samples (15.3%) contained HPG-related nucleic acid (either DNA or RNA), and that 25 of those 57 (6.7% of the total) contained HPG-specific nucleic acid ([*SI Appendix*, Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). In the second RT-qPCR assay, all 25 HPG-specific samples were revealed to have been amplified from RNA ([*SI Appendix*, Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)), suggesting active infection with HPG. Interestingly, only 13 of the 25 samples were positive for HPG-related RNA.

These data indicate that the remaining 12 of the 25 samples were positive for HPG-specific RNA but not for "broad" HPG-related RNA and instead were positive for "broad" HPG-related DNA. While we cannot rule out the possibility that some or all of these samples may have contained a quantity of HPG-related RNA below the limit of detection of this assay, these data suggest that 12 bat samples were actively infected with HPG and were either latently infected with other HPG-related viruses or contained endogenous HPG-related sequences. Of the 57 samples positive for HPG-related nucleic acid, 32 were positive only for HPG-related DNA, suggesting evidence of endogenization or latent infection with HPG-related viruses. Taken together, these serologic and PCR results indicate that HPG and closely related viruses have infected multiple individuals across several species of Australian pteropid bats.

Discussion {#s8}
==========

To determine whether KoRV-related viruses are present in Australian bats, we collected samples from bats along the east coast of Australia. Metagenomic analyses of these samples revealed the presence of three KoRV-related viruses--- HPG, MmGRV, and SaGRV---from the pteropid bat species *P. alecto*, *M. minimus*, and *S. australis*. A search of the public SRA ([@r39]) also revealed two additional KoRV-related viruses, HlGRV and RhGRV, from the Asian microbat species *H. larvatus* and *R. hipposideros*. Phylogenetic analysis of the complete viral genome ([Fig. 2](#fig02){ref-type="fig"}) revealed that the microbat viruses (HlGRV and RhGRV) clustered within a broad GALV/woolly monkey virus (WMV) clade, while the pteropid viruses (HPG, FFRV1, MmGRV, and SaGRV) form a more divergent clade that is basal to the KoRV and GALV/WMV clades. There is overlap between the habitats of all of the aforementioned bats except *R. hipposideros* (with habitats between Europe and West Asia) ([@r22]). Thus, in theory bat communities could provide a route of transmission for KoRV-related viruses between Asia and Australia, although the immediate ancestor of KoRV remains uncertain, and additional animal species need to be sampled. Indeed, there are likely to be other currently unidentified species infected with KoRV-related viruses linking the habitats of *R. hipposideros* and Australian bats. The long phylogenetic branch length linking the KoRV clade to its closest known relatives in the GALV/WMV clade indicates that the phylogenetic picture remains incomplete, with additional, as-yet unknown viruses and host species existing between the KoRV and GALV/WMV lineages of gammaretroviruses.

Other non-bat species, particularly rodents, have been suggested as intermediary hosts for the transmission of KoRV-related viruses between Asia and Australia ([@r20], [@r21]). Of particular note is *Melomys burtoni*, an Australian rodent. Short nucleotide sequences representing KoRV-related viruses, including the *M. burtoni* retrovirus (MbRV) and the *Melomys* woolly monkey virus (MelWMV), have been identified in *M. burtoni* ([@r20], [@r40]), both of which cluster closely with the WMV within the GALV clade and thus are no closer to KoRV than the bat viruses identified here ([Fig. 2](#fig02){ref-type="fig"}) ([@r20], [@r40]); sequences of these viruses were omitted from our phylogenetic analysis due to insufficient genome sequence coverage. However, because the habitat of *M. burtoni* does not extend past the Wallace line or overlap with the habitat of gibbons ([@r19], [@r22]), this species is unlikely to be responsible for the direct transmission of KoRV-related viruses between Australia and Asia.

KoRV and GALV use the PiT-1 receptor for cell entry ([@r19], [@r27], [@r28]). This receptor is almost ubiquitously expressed throughout the mammalian body at variable levels ([@r41][@r42][@r43]--[@r44]) and is highly expressed in many tissues, including the colon, breast, testes, bladder, placenta, and brain ([@r41], [@r42]). KoRV and GALV have been detected in numerous tissues and body fluids, including blood, sperm, breast milk, feces, and urine ([@r5], [@r27], [@r45][@r46][@r47][@r48][@r49]--[@r50]). Given the wide distribution of PiT-1 expression and the detection of KoRV and GALV in body fluids including blood, urine, and feces, it is possible that interspecies transmission might occur along routes including blood during fighting/predation and contamination of food sources by feces and urine.

We carefully searched for the presence of HPG in the genomes of *P. alecto* and *P. vampyrus* using molecular analyses and more broadly for KoRV-related viruses in the SRA, but were unable to detect these viral sequences in any currently available bat genome sequence. While these data suggest that bat KoRV-related viruses are not endogenous, we cannot exclude this possibility, as we have sampled only a small proportion of bats within each species. In this regard, KoRV endogenization in koalas is relatively recent and, accordingly, is not represented across the entire koala gene pool ([@r45]), existing in both endogenous and exogenous forms ([@r5], [@r27], [@r51]). Thus, given that HPG-specific sequences have been identified across several bat species, HPG is either an exogenous virus or is undergoing endogenization in real time. A possible example of the latter is FFRV1 ([@r14]), which was recently discovered in the brain tissue of a *P. alecto* bat but has not been identified within the genome of *P. alecto* or other bats. Serologic and nucleic acid analyses revealed that numerous individual bats across several species had been exposed to HPG and HPG-related viruses ([*SI Appendix*, Fig. S12 and Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)), and that 6.7% (25 of 373) of the bat scat samples analyzed contained HPG-specific RNA, suggesting that these bats were actively infected with HPG and, more generally, that HPG-related viruses are currently circulating among the communities of multiple species of Australian pteropid bats. The close evolutionary relationships among the bat KoRV-related viruses from several species of Australasian pteropid bats, Asian microbats, and the gibbon, koala, and rodent viruses suggest that bat populations in Australia and Asia play an important role in the transmission of KoRV-related viruses between bats and possibly other mammals.

The genome of HPG is typical of gammaretroviruses ([Fig. 1](#fig01){ref-type="fig"}), and while HPG virions are morphologically similar to M-MLV virions, possessing a spherical, electron-dense core ([Fig. 3](#fig03){ref-type="fig"}), measurements revealed a smaller HPG virion diameter compared with M-MLV virions (*P* \< 0.001; [*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)). This may be attributed to the smaller diameter of the viral core (*P* \< 0.001). These data may indicate a difference in the quaternary structure of the HPG capsid compared with that of M-MLV, resulting in a more compact structure.

We generated HPG virions from a synthetic proviral expression construct to assess the reproduction capacity of HPG in cell culture. These HPG virions were capable of infecting human and bat cell lines ([Fig. 4](#fig04){ref-type="fig"}) but not a mouse cell line, as shown by the production of new virions and their release into the cell culture supernatant over the course of several days. It is important to note that while the complete genome of HPG was assembled from RNA extracted from a single bat, and virions generated from this sequence are reproduction-competent in vitro, the infectious molecular clone was engineered from the consensus sequence of the assembled reads. Accordingly, the HPG molecular clone represents the average of the HPG population contained in the extracted RNA, rather than the exact sequence of a single viral isolate. Similar consideration should be given to the other bat KoRV-related viruses reported here, which also represent the consensus of assembled sequence data.

An assessment of the cell tropism of HPG revealed that HPG Env-pseudotyped retroviral particles were able to enter human cells, but not mouse cells ([Fig. 5*A*](#fig05){ref-type="fig"}). GALV and KoRV-A are similarly restricted from entering mouse NIH 3T3 cells due to their use of the PiT-1 cellular receptor for viral entry ([@r28]). This inhibition is attributed to mouse PiT-1 containing differences in the binding sites of GALV and KoRV-A ([@r29], [@r52]) that are not present in *P. alecto* or *P. vampyrus* PiT-1 ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)).

Infection of cells with a retrovirus can restrict the subsequent superinfection by viruses that use the same receptor by various mechanisms, including down-regulation of the receptor and blocking of the binding site on the cell receptor, preventing penetration or adsorption of the virus ([@r53], [@r54]). This method has been used to demonstrate the shared use of the PiT-1 receptor between KoRV-A and GALV ([@r55]). We performed a superinfection interference assay that demonstrated that infection with HPG restricts superinfection by a reporter virus pseudotyped with the envelope protein of KoRV-A, GALV, amphotropic MLV, and dual-tropic MLV. KoRV-A and GALV use the PiT-1 receptor ([@r19], [@r27], [@r28]), while amphotropic MLV uses PiT-2 ([@r37]) and dual-tropic MLV uses both PiT-1 and PiT-2 ([@r36]). These results are consistent with HPG using the PiT-1 receptor and possibly the PiT-2 receptor for cell entry.

Variations in receptor use can occur between closely related gammaretroviruses. For example, KoRV-B, although closely related to KoRV-A, uses the THTR1 receptor ([@r56]), possibly as the result of a recombination event within the RBD between an ancestral KoRV and an unknown retrovirus ([@r27]). This is particularly important to consider in light of the alignment of the RBD of HPG and other bat KoRV-related viruses ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)), which reveals a large insertion within the hypervariable VRB region. Amphotropic and dual-tropic MLVs similarly contain a large insertion within the VRB relative to KoRV, GALV, and ecotropic MLV. The VRB region of amphotropic MLV is essential for interaction with the PiT-2 cell receptor ([@r57]), and the large insertion within the VRB of HPG may be involved in its possible use of the PiT-2 receptor demonstrated by the superinfection assay.

Interestingly, HPG contains a modification within the CETTG motif within the RBD ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)) that is important for viral pathogenicity ([@r33]). Mutations within the CETTG attenuate cytopathology, as is the case for KoRV-A, which has a CETAG motif ([@r58]). HPG contains a CETSG motif ([*SI Appendix*, Fig. S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental)), which is also found in 27% of KoRV-D proviruses and is hypothesized to attenuate syncytia formation-related pathogenicity ([@r58]). However, other bat KoRV-related viruses analyzed in this study have the pathogenic CETTG motif. The identification of bats as a source of infectious retroviruses related to KoRV and GALV implicates bats as a reservoir of KoRV-related viruses that can potentially be transmitted between Australia and Asia to other mammalian species.

Materials and Methods {#s9}
=====================

Supplemental figures, tables, and details of the materials and methods used in this study, including all experimental procedures, are provided in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental).

Data Availability. {#s10}
------------------

All data are included in the main text and the [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental) file. Sequences of HPG, MmGRV, RhGRV, SaGRV, and HlGRV have been deposited in the GenBank database; accession numbers are provided in [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915400117/-/DCSupplemental).
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